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Introduction 

An experimental program is currently being carried out a t  the Eyring Research 
I n s t i t u t e  i n  which severa l  d i f f e r e n t  coals  are being tes ted  i n  a laboratory scale  
entrained flow g a s i f i e r .  The design of t h e  g a s i f i e r  is essent ia l ly  a scaled down 
version of  an experimental g a s i f i e r  operated at the Bureau of Mines Morgantown Coal 
Research Center ( 1 ,  2 ) .  This  g a s i f i e r  is being operated under contract  with the 
Energy Research and Development Administration t o  obtain reaction rate and conversion 
efficiency da ta  for  several d i f fe ren t  coals and chars. 

Description of Gasifier 

A diagram of the  g a s i f i e r  i s  shown in  Figure 1 and a flow diagram for  the 
e n t i r e  gas i f ica t ion  system is presented in  Figure 2 .  The react ion chamber, formed 
from s i l i c o n  carbide is 7.6 cm I . D .  and 28 cm i n  length .  The coal, pulverized to  
70-80 percent minus 200 mesh, is withdrawn with metering augers from a pressurized 
feed tank and blown i n t o  the top of the reaction chamber with recycled product gas. 
It enters  the reactor  through a water-cooled 8 mm I . D .  nozzle. A preheated mixture 
of steam and oxygen is injected i n t o  the  reactor  through eight nozzles that  closely 
surround t h e  coa l  nozzle. These nozzles  have rec tangular  openings, 1.1 x 1.5 mm 
in  cross-sect ion,  and t h e  oxygen-steam streams impinge on t h e  coal  stream at an 
angle of 30°, 

The reactor  eff luent  stream is cooled by radiat ion t o  the water-cooled walls 
fo the  heat recovery u n i t  which is attached to  t h e  base of the reactor .  The heat 
recovered i n  t h i s  u n i t  is used t o  generate  the feed steam f o r  t h e  gas i f ie r .  Slag 
drople t s  and l a r g e r  s o l i d  p a r t i c l e s  i n  the  e f f l u e n t  stream a r e  separated from the 
gases and they are  then fur ther  cooled and cleaned by passage through a convective 
heat  exchanger, a scrubber column, and fabr ic  f i l t e r s  (Figure 2 ) .  Gas samples are 
withdrawn downstream of the filters. The cooled and cleaned gas  is then metered 
and f lared.  

Gasif ier  Operating Conditions 

High v o l a t i l e ,  low s u l f u r ,  bituminous coal  from t h e  Deseret Mine i n  Carbon 
County, Utah, was used f o r  these tests. This coal  has a high heating value of 1430 
kcal/kg. I t  i s  70.1 percent carbon, 5.6 percent  hydrogen, 11.7 percent oxygen, 
1.4 percent ni t rogen,  0 .6  percent  s u l f u r ,  and 10.6 percent ash (dry bas is ) .  "ne 
moisture of the  coal as fed to the g a s i f i e r  was approximately one percent. 

To obta in  t h e  d a t a  repor ted  here t h e  g a s i f i e r  was operated at a nominal 
pressure of 10 atmospheres and coal feed rates were 20 kg/hr. The volumetric flow 
r a t e  of the  recycle gas stream was 5 M3/hr a t  STP. The oxygen and steam feed stream 
was preheated t o  4 0 O O C  f o r  these t e s t .  'he pr incipal  test var iable  was oxygen feed 
r a t e .  The steam/coal feed r a t i o  was 0 .5  g/g. Product gas  samples were not taken 
until steady-state operation was achieved, 20-30 minutes a f t e r  s t a r t  up. 

Test Results 

Resul ts  from a series of ten  t e s t  runs i n  which the  oxygen/coal feed ra tes  
were systematical ly  varied a r e  presented i n  Figures 3 and 4 .  Figure 3 shows the  
volume of dry gas produced per kg coal  fed and the  percent of carbon converted to  
gas .  As observed during t h e  Bureau of Mines s t u d i e s  ( 1 , 2 ) t h e  carbon conversion 
increased markedly w i t h  increasing oxygen/coal r a t i o .  Gas volume a l s o  increased 
w i t h  increases  in t h i s  r a t i o .  Figure 4 presents t h e  corresponding gas composition 
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data. Carbon monoxide increased w i t h  increasing oxygen/coal r a t i o  whereas the yield 
of hydrogen and methane decreased. The carbon dioxide concentrat ion varied only 
s l i gh t ly .  

Data Analysis Procedure 

Af te r  c a r e f u l  s t u d y  o f  k i n e t i c  da ta  a v a i l a b l e  i n  the l i t e r a t u r e  for  the  
high temperature react ion of  coal w i t h  oxygen and steam, i t  was concluded tha t  the 
r a t e  l imi t ing  reac t ions  a t  the  condi t ions employed i n  these tests were those of 
charred coal w i t h  steam and with carbon dioxide. The react ions of oxygen with coal 
v o l a t i l e s  and w i t h  char were calculated to be a t  l e a s t  an  order of magnitude f a s t e r .  
For example, t h e  da ta  o f  Kimber and Gray ( 3 )  i n d i c a t e  t h e  s p e c i f i c  reaction r a t e  
of  both C02 and water vapor w i t h  35 micron char p a r t i c l e s  t o  b e  l e s s  than 5 grams 
carbon/gram unreacted carbon per second per atmosphere p a r t i a l  pressure of the C02 

? and 1.9 sec- l  atm-I, respec t ive ly ,  f o r  water and CO w i t h  char  a t  2000'K. On 
the other hand, the r a t e  equation recommended by Field, $..alLl (5) for  the reaction 
of oxygen w i t h  char yields  a specif ic  r a t e  of 1900 sec- a t  t h i s  temperature. 

Reaction r a t e s  of coal v o l a t i l e s  w i t h  ava i lab le  oxygen are  even fas te r  than 
the oxygen-char r a t e s .  Employing t h e  r a t e  equation suggested by F i e l d  ( 5 ) .  The 
s p e c i f i c  react ion r a t e  fo r  the carbon monoxide-oxygen react ion is  estimated to be 
of the order of 105 sec-1 for the conditions used in  these experiments. 

Mixing and d i f fus ion  r a t e s  were a l s o  considered in s e l e c t i n g  a procedure 
for  analyzing the data. The gas i f ie r  feed nozzle configuration used i n  these t e s t s  
was ss1ect.d after Bctensive t e s t s  of a l te r ra te  ccnfigurations. These tes t s  demonstrated 
that  it provided rapid and e f f i c i e n t  mixing of the feed streams. The rec i rcu la t ion  
r a t e  near the  p o i n t  where t h e  feed streams were i n j e c t e d  was estimated to be ap-  
proximately 150% of the mass flcw of the f e d  streams. Consequently, it =ems reasonable 
t h a t  as  a f i r s t  approximation t h e  reactor  might be considered a s  being well-mixed. 
Diffusion ra tes  of steam and CO' t o  the surface of the char par t ic les  were considered 
by ca lcu la t ing  the d i f fus ion  3imited reac t ion  r a t e s .  These were estimated to be 
of the order of 50-100 sec-l a t  the experimental conditions of t h i s  s t u d y  and were 
therefore  considered to  be of secondary importance i n  l imit ing the overal l  reaction 
r a t e .  

On the  b a s i s  of t h e  above reasoning the  d a t a  were analyzed assuming the 
reactor t o  be well s t i r r e d  and that  the gasif icat ion react ions could be represented 
by two simple reactions: 

r water. The data of K h i t r i n  and Golovina ( 4 )  sugges ts  r a t e s  of 3 . 3  sec-' atm 

atm 

1 )  Coal f Oxygen + COP f H20 f Char 

Char + C02 f H20 + CO + H2 

with reaction ( I ) ,  which includes devola t i l i za t ion  of t h e  coa l ,  assumed to  be f a s t  
re la t ive  to  reaction ( 2 ) .  

The fract ion of  carbon gasif ied by equation ( I ) ,  Y1, may be calculated from 
the following stoichiometric equ5tion: 

y1 = - %(O/c) ( 0  - EO)  f % ( H / C )  (Q - EH) 3) 

In t h i s  equation, 0 is  t h e  equivalence r a t i o  of the oxygen and coal  feed streams, 
a value of one corresponding to a feed r a t io  such tha t  suf f ic ien t  oxygen is available 
t o  convert the carbon t o  C02 and the hydrogen t o  H20. The r a t i o s  ( O K )  and ( H / C )  
a re  the molar r a t i o s  of oxygen to carbon and hydrogen t o  carbon i n  the coa l ,  and 
E and EH a r e  the  f r a c t i o n s  of-oxygen and hydrogen t h a t  are  gas i f ied  by reac t ion  
( 9 ) .  The fract ion of carbon gasified by react ion ( 2 ) ,  Y 2 ,  may then calculated from 
Y1 ard the to ta l  fraction of carbon gasified YT, h i d 7  is madab le  fran the experimental 
data. Thus, 
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A f u r t h e r  s i m p l i f i c a t i o n  is t h e  assumption t h a t  t h e  r a t e  of reaction (2 )  i s  first 
order with respeci  .to the  amount of unreacted carbon. 

5!Y= k (1  - Y )  d t  5) 

The equation f o r  the  react ion rate constant  r e s u l t i n g  from integrat ion of equation 
(5 )  is 

k = - ( l / t )  In (1 - Y T ) / ( l  - Y1)  6) 

This r a t e  constant which is t h e  spec i f ic  reaction r a t e ,  can be u t i l i z e d  as a measure 
of t h e  reac t iv i ty  of t h e  coal .  

The r e a c t i o n  time was taken t o  be t h e  r a t i o  of the  r e a c t o r  volume t o  the 
volumetric flow r a t e  of the reac t ion  products a t  t h e  o u t l e t  of t h e  reac tor .  The 
densi ty  a t  the  o u t l e t  was computed from the dry gas  ana lys i s  and an overa l l  oxygen 
balance and energy balance.  The oxygen balance yielded the  steam concentration 
and t h e  o v e r a l l  energy balance yielded t h e  o u t l e t  temperature. The temperature 
c a l c u l a t i o n  was v e r i f i e d  by thermocouple measurements t h a t  were made i n  several 
of t h e  runs. 

Specific Reaction Rates 

The s p e c i f i c  reac t ion  rates t h a t  were computed from t h e  experimental data 
a r e  presented i n  Figure 5 versus the oxygen/coal equivalence r a t i o .  Reactor ou t le t  
temperatures a r e  a lso presented on t h i s  f igure.  It is noted t h a t  magnitudes of these 
rates a r e  somewhat h igher  than t h e  rates measured by Kimber and Gray (3 )  and by 
Khi t r in  and Golovina ( 4 ) .  A cross-plot  o f  t h e  rate cons tan t  and temperature data 
yielded t h e  following correlat ing equation: 

7) 5 k = 1.4  x 10 exp (-31,00O/RT) sec-' 

The magnitude o f  t h e  apparent a c t i v a t i o n  energy,  31 k c a l ,  i s  cons is ten t  with the  
assumption t h a t  t h e  char  sur face  reac t ion  with C02 and steam is t h e  rate limiting 
s tep  i n  the  gasif icat ion of t h i s  coal. 
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Figure 1 .  Diagram o f  laboratory gasifier. 
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Figure 3. Gas volume and carbon conversion 
data from tests with Deseret Mine 
bituminous coal at 20 atm. 
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Figure 4. Gas composition data from tests with 
Deseret Mine bituminous coal at 20 atm. 
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